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PPRECLINICAL RESEARCH Aging and Post-Infarct Changes
Aging-Related Defects Are Associated With
Adverse Cardiac Remodeling in a Mouse
Model of Reperfused Myocardial Infarction
Marcin Bujak, MD, Hyuk Jung Kweon, MD, Khaled Chatila, MD, Na Li, PHD, George Taffet, MD,
Nikolaos G. Frangogiannis, MD, FACC
Houston, Texas
Objectives The purpose of this study was to study aging-associated alterations in the inflammatory and reparative response
after myocardial infarction (MI) and their involvement in adverse post-infarction remodeling of the senescent
heart.
Background Advanced age is a predictor of death and ventricular dilation in patients with MI; however, the cellular mecha-
nisms responsible for increased remodeling of the infarcted senescent heart remain poorly understood.
Methods Histomorphometric, molecular, and echocardiographic end points were compared between young and senescent
mice undergoing reperfused infarction protocols. The response of young and senescent mouse cardiac fibro-
blasts to transforming growth factor (TGF)- stimulation was examined.
Results Senescence was associated with decreased and delayed neutrophil and macrophage infiltration, markedly re-
duced cytokine and chemokine expression in the infarcted myocardium, and impaired phagocytosis of dead car-
diomyocytes. Reduced inflammation in senescent mouse infarcts was followed by decreased myofibroblast den-
sity and markedly diminished collagen deposition in the scar. The healing defects in senescent animals were
associated with enhanced dilative and hypertrophic remodeling and worse systolic dysfunction. Fibroblasts iso-
lated from senescent mouse hearts showed a blunted response to TGF-1.
Conclusions Although young mice exhibit a robust post-infarction inflammatory response and form dense collagenous scars,
senescent mice show suppressed inflammation, delayed granulation tissue formation, and markedly reduced
collagen deposition. These defects might contribute to adverse remodeling. These observations suggest that cau-
tion is necessary when attempting to therapeutically target the post-infarction inflammatory response in patients
with reperfused MI. The injurious potential of inflammatory mediators might have been overstated, owing to ex-
trapolation of experimental findings from young animals to older human patients. (J Am Coll Cardiol 2008;51:
1384–92) © 2008 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.01.011c
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tortality due to coronary artery disease is known to
ncrease progressively with age. Older age was associated
ith a higher risk of in-hospital and post-discharge mor-
ality in the GISSI-2 (Gruppo Italiano per lo Studio della
opravivenza nell’Infarcto Miocardico 2) trial (1) and was a
redictor of death and left ventricular dilation in patients
ith acute myocardial infarction (MI) enrolled in the SAVE
Survival and Ventricular Enlargement) trial (2). The expo-
ential age-related increase in infarction-related mortality
ates was not explained by larger infarcts (1). Although both
rom the Section of Cardiovascular Sciences, Baylor College of Medicine, Houston,
exas. This work was supported by National Institutes of Health Grants (R01
L-76246, HL-85440) (to Dr. Frangogiannis) and the American Heart Association.a
Manuscript received May 10, 2007; revised manuscript December 18, 2007,
ccepted January 3, 2008.linical and experimental studies have demonstrated the
dverse effects of senescence on cardiac function and remod-
ling after MI (2,3), the mechanisms responsible for these
ffects remain poorly understood.
See page 1399
Post-infarction remodeling is closely intertwined with an
nflammatory reaction that ultimately results in fibrous
issue deposition and formation of a scar. Inflammatory
ediators regulate key cellular interactions in the infarct,
odulating deposition and metabolism of extracellular ma-
rix proteins in the wound. These actions have profound
ffects on the reparative response and ultimately determine
he geometric characteristics of the infarcted ventricle by
ffecting the tensile strength of the scar (4–6). Both clinical
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April 8, 2008:1384–92 Effects of Aging on Infarct Healingtudies and experimental investigations demonstrated aging-
ssociated defects in inflammation and tissue repair. Cuta-
eous wounds heal more slowly in elderly patients as
ompared with younger patients (7,8) and show diminished
xpression of endothelial adhesion molecules (9). Further-
ore, healing wounds in aged animals demonstrate a
efective response to exogenously administered growth
actors (10). We hypothesized that aging-associated alter-
tions in inflammatory mediator expression and impaired
esponsiveness of senescent cells to growth factors might be
mportant mechanisms responsible for defective infarct
ealing and adverse remodeling in elderly patients. With a
ouse model of reperfused infarction, we compared the
nflammatory and fibrotic response between young and old
nimals. Aging was associated with an attenuated post-
nfarction inflammatory response, delayed phagocytosis of
ead cardiomyocytes, and markedly decreased collagen dep-
sition in the infarct. These defects resulted in increased
entricular dilation and hypertrophy. Fibroblasts isolated
rom senescent animals exhibited a blunted response to
ransforming growth factor (TGF)- stimulation, suggest-
ng that impaired responsiveness to growth factors might
ediate defective healing in senescent mouse infarcts.
ethods
urine model of reperfused MI. Young (2 to 3 months of
ge) and senescent (2 years of age) C57/BL6 mice
nderwent reperfused infarction protocols (11,12). A
losed-chest mouse model of reperfused MI was used as
reviously described (12), to avoid the confounding effects
f surgical trauma and inflammation, which might influence
he baseline levels of chemokines and cytokines. The left
nterior descending coronary artery was occluded for 1 h
nd then reperfused for 6 h to 7 days. At the end of the
xperiment, the heart was excised, fixed in zinc-formalin,
nd embedded in paraffin for histological studies or snap
rozen for ribonucleic acid (RNA) isolation. Sham animals
ere prepared identically without undergoing coronary
cclusion/reperfusion and were used for histological assess-
ent of the heart (5 mice/group). Animals used for histol-
gy underwent 24-h, 72-h, and 7-day reperfusion protocols
8 animals/group). Mice used for RNA extraction under-
ent 6 h, 24 h, and 72 h of reperfusion (8 animals/group).
dditional animals were used for perfusion-fixation after 7
ays of reperfusion, in order to assess remodeling-associated
arameters.
mmunohistochemistry and quantitative histology. His-
ological sections were stained immunohistochemically
ith the following antibodies: anti- smooth muscle
ctin antibody (Sigma, St. Louis, Missouri), rat anti-
ouse macrophage antibody Mac-2 (Cedarlane, Burling-
on, North Carolina), and rat anti-neutrophil antibody
Serotec, Raleigh, North Carolina) as previously de-
cribed (13). Quantitative assessment of neutrophil and
acrophage density was performed by counting the wumber of neutrophils and
ac-2-immunoreactive cells,
espectively, in the infarcted
rea (13). Myofibroblasts were
dentified as extravascular
lpha-smooth muscle actin pos-
tive cells and counted in the
nfarcted myocardium (5). The
ollagen network was identified
ith picrosirius red staining
13). The area of collagen
taining in the infarcted area
as quantitatively assessed with
magePro software and ex-
ressed as the percentage of the
rea of the infarct.
chocardiography. Short-axis
-mode echocardiography was
erformed before instrumenta-
ion and after 7 days of reperfu-
ion (young: n  7, senescent: n
8) with an 8 MHz probe
Sequoia C256, Acuson, Moun-
ain View, California). The fol-
owing parameters were mea-
ured as indicators of function
nd remodeling: left ventricular
nd-diastolic diameter (LVEDD), left ventricular end-
ystolic diameter (LVESD), and fractional shortening (FS)
FS  [LVEDD  LVESD]  100/LVEDD). Left
entricular mass (LVM) was assessed with the following
ormula: LVM  1.05 (septal thickness  LVEDD 
osterior wall thickness)3  LVEDD3 (14). The percent
hange in these parameters after infarction was quantita-
ively assessed with the following formulas: LVEDD 
LVEDD7days  LVEDDpre)  100/LVEDDpre,
LVESD  (LVESD7days  LVESDpre)  100/
VESDpre, FS  (Fspre  FS7days)  100/FSpre,
LVM  (LVM7days  LVMpre)  100/LVMpre.
“Pre” indicates values prior to instrumentation, whereas “7
ays” indicates values after 7 days of reperfusion.)
erfusion fixation and assessment of ventricular vol-
mes. For assessment of post-infarction remodeling, in-
arcted hearts after 7 days of reperfusion were used for
erfusion-fixation (young, n  12; senescent, n  7) as
reviously described (13). The left ventricular end-diastolic
olume was assessed with ImagePro software with methods
eveloped in our laboratory (13). The size of the infarct was
xpressed as a percentage of the left ventricular volume.
ardiomyocyte size was assessed by measuring the mean
ardiomyocyte cross-sectional area for each sham and in-
arcted heart. Measurements of 50 randomly selected car-
iomyocytes, located in the viable remodeling myocardium,
ere obtained. Only cardiomyocytes cut in cross section and
Abbreviations
and Acronyms
CSF  colony stimulating
factor
FS  fractional shortening
IL  interleukin
IP  interferon--inducible
protein
LVEDD  left ventricular
end-diastolic diameter
LVESD  left ventricular
end-systolic diameter
LVM  left ventricular
mass
MCP  monocyte
chemoattractant protein
MI  myocardial infarction
MIP  macrophage
inflammatory protein
mRNA  messenger
ribonucleic acid
TGF  transforming growth
factor
TNF  tumor necrosis
factorith a central nucleus were included.
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Effects of Aging on Infarct Healing April 8, 2008:1384–92NA extraction and ribonuclease protection assay. Mes-
enger RNA (mRNA) expression levels of the chemokines
acrophage inflammatory protein (MIP)-1, MIP-1,
IP-2, monocyte chemoattractant protein (MCP)-1, and
nterferon--inducible protein (IP)-10; the cytokines tumor
ecrosis factor (TNF)-, interleukin (IL)-1, IL-6, TGF-
1, TGF-2, and TGF-3; and the matricellular pro-
ein osteopontin were assessed in the infarcted heart
ith a ribonuclease protection assay kit (RiboQuant, BD
harmingen, San Jose, California).
solation and stimulation of murine cardiac fibroblasts. Fi-
roblasts were isolated from young and senescent murine
earts, cultured as previously described (15), and stimulated
ith recombinant TGF-1 (10 ng/nl) (R&D Systems, San
iego, California) for 4 to 16 h. At the end of the
xperiment, the cell lysates were used for protein extraction.
uantitative assessment of Smad2 phosphorylation was
sed as a measure of activation of Smad2/3 signaling, a
athway with a critical role in mediating the pro-fibrotic
ffects of TGF-. Western blotting with rabbit anti-Smad2
1:1,000) and anti-phosphorylated Smad2 (p-Smad2)
Ser465/467, 1:200) antibodies (Cell Signaling, Beverly,
assachusetts) was carried out as previously described (5).
he ratio of p-Smad2/Smad2 expression was quantitatively
ssessed.
tatistical analysis. Statistical analysis and comparison of
istomorphometric, molecular, and echocardiographic pa-
ameters between young and senescent animals was per-
ormed with analysis of variance followed by t test corrected
or multiple comparisons (Student-Newman-Keuls). Paired
test was used to compare echocardiographic parameters
efore MI and after 7 days of reperfusion. Comparison of
ortality during surgical instrumentation and coronary occlu-
ion between young and senescent animals was performed with
ishers exact test. Data were expressed as mean  SEM.
tatistical significance was set at 0.05.
esults
enescent mice demonstrated a trend toward increased
ortality during coronary occlusion. Eighty-four young
nd 79 senescent mice were enrolled in the study. The
ortality during surgical implantation was 4.8% for the
oung animals and 10.1% for the senescent mice (p 0.24).
ive young and 5 senescent mice did not undergo ischemia/
eperfusion protocols and were used as sham control sub-
ects. The remaining animals underwent 1-h coronary oc-
lusion followed by varying intervals of reperfusion. There
as a trend for higher mortality of senescent mice during
oronary occlusion (young: 7.5% vs. senescent: 19.7%, p 
.09). Mortality during reperfusion was 8.5% in young
nimals and 11.5% in senescent mice.
enescent mice exhibited impaired phagocytosis of dead
ardiomyocytes. In young animals MI resulted in almost
omplete clearance of dead cardiomyocytes and replacement
ith granulation tissue after 72 h of reperfusion (Fig. 1A). st the 72-h timepoint senescent mouse infarcts showed
ersistent presence of nonphagocytosed cardiomyocytes in
he infarcted area accompanied by delayed formation of
ranulation tissue (Fig. 1B).
enescent mice exhibited reduced neutrophil recruitment
n the infarct. Young and senescent sham-operated mice
howed no infiltration of the myocardium with neutro-
hils. Young mice had an intense early infiltration of the
nfarcted myocardium with neutrophils after 24 h of
eperfusion, followed by resolution of the granulocytic
nfiltrate after 7 days of reperfusion (Figs. 1C to 1E). In
omparison with young animals, infarcts in old mice had
ignificantly reduced peak neutrophil density in the
nfarcted heart (Figs. 1F and 1I) but maintained timely
esolution of the neutrophilic infiltrate (Figs. 1H and 1I)
fter 7 days of reperfusion.
acrophage infiltration in young and senescent mouse
nfarcts. The density of Mac-2-immunoreactive macro-
hages in young mouse infarcts peaked after 72 h of
eperfusion (Figs. 2A to 2C and 2G). In comparison with
oung animals, infarcts in old mice exhibited lower macro-
hage density after 24 to 72 h of reperfusion (Figs. 2D, 2E,
nd 2G) but had higher macrophage infiltration after 7 days
f reperfusion (Figs. 2F and 2G). Macrophage infiltration in
he peri-infarct area and remote remodeling myocardium
fter 7 days of reperfusion was comparable between young
nd senescent hearts (peri-infarct young: 57.6  10.22 vs.
enescent: 23.73  4.8, p  NS; remote young: 27.2  7.9
s. senescent: 36.85  7.8, p  NS).
ttenuated chemokine and cytokine induction in senes-
ent mouse infarcts. In young mice, reperfused infarction
esults in marked chemokine upregulation in the heart
eaking after 6 h of reperfusion (12). In comparison with
oung animals, old mice exhibited markedly reduced
CP-1 (MCP-1/L32 ratio, young 0.55  0.046 vs. senes-
ent 0.37  0.025, p  0.01), MIP-1 (MIP-1/L32,
oung 0.042  0.007 vs. senescent 0.017  0.003, p 
.05), and MIP-2 mRNA levels (MIP-2/L32, young
.14  0.003 vs. senescent 0.08  0.01, p  0.05) in the
nfarcted heart after 6 h of reperfusion. In contrast, IP-10
IP-10/L32, young 0.08  0.009 vs. senescent 0.08  0.01,
 NS) and MIP-1 (MIP-1/L32 0.04  0.009 vs.
enescent 0.041  0.01, p  NS) mRNA levels were
omparable between groups. At the same timepoint,
RNA expression of the pro-inflammatory cytokines
L-1 (IL-1/L32, young 0.17  0.03 vs. senescent
.045  0.007, p  0.01), TNF- (TNF-/L32, young
.024 0.007 vs. senescent 0.016 0.002, p 0.05), IL-6
IL-6/L32, young 0.21  0.04 vs. senescent 0.09  0.01,
 0.01), and M-colony stimulating factor (CSF)
M-CSF/L32, young 0.3  0.016 vs. senescent 0.2  0.01,
 0.05) was significantly lower in senescent mouse
nfarcts. In contrast, expression of the inhibitory cytokine
L-10 was slightly higher in senescent mouse hearts after
2 h of reperfusion (IL-10/L32, young 0.076  0.008 vs.
enescent 0.11  0.01, p  0.05).
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April 8, 2008:1384–92 Effects of Aging on Infarct Healingenescent mice showed decreased myofibroblast infiltra-
ion and diminished collagen deposition in the healing
nfarct. Senescent sham-operated hearts had increased col-
agen content in comparison with young sham hearts (young
.89  0.18% vs. senescent 7.34  0.49%, p  0.05),
eflecting enhanced aging-associated cardiac fibrosis.
oung mouse infarcts exhibited intense accumulation of
yofibroblasts in the infarcted heart after 72 h of
eperfusion, followed by formation of a collagen-based
car after 7 days of reperfusion. Senescent animals had
Figure 1 Senescent Animals Exhibited Impaired Phagocytosis o
Cardiomyocytes and Decreased Peak Neutrophil Infilt
(A) After 72 h of reperfusion, young mice showed almost complete replacement o
timepoint senescent mouse infarcts exhibited delayed granulation tissue formation
trophils were identified in young mouse infarcts after 24 h (C), 72 h (D), and 7 da
infarcted myocardium, peaking after 24 h of reperfusion. (F to H) Neutrophil stain
sion. (I) Senescent mouse infarcts had decreased peak neutrophil infiltration butefective scar formation associated with reduced myofi- kroblast density (Fig. 3) and markedly attenuated colla-
en deposition in the infarcted area (Figs. 4A to 4C). In
ontrast, collagen deposition in the peri-infarct region
nd in the remote remodeling myocardium was compa-
able between groups (peri-infarct young: 16.3  1.66%
s. peri-infarct senescent 10.95  1.2%, p  NS; remote
oung: 10.54  1.65% vs. remote senescent 4.71 
.67%). The mRNA expression of the matricellular
rotein osteopontin was also significantly diminished in
enescent mouse infarcts (Fig. 4D). Because TGF- is a
ad
in the Infarcted Myocardium
cardiomyocytes with granulation tissue (arrows). (B) In contrast, at the same
ersistent presence of nonphagocytosed cardiomyocytes (arrows). (C to E). Neu-
of reperfusion. Young animals showed intense neutrophil infiltration of the
senescent mouse infarcts after 24 h (F), 72 h (G), and 7 days (H) of reperfu-
ed timely resolution of the neutrophilic infiltrate (*p  0.05 vs. young).f De
ration
f dead
and p
ys (E)
ing in
exhibitey regulator of fibrous tissue deposition in healing
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Effects of Aging on Infarct Healing April 8, 2008:1384–92issues (16), we assessed expression of TGF- isoforms in
he infarcted heart. The TGF-1 (Fig. 4E), TGF-2, and
GF-3 (Fig. 4F) mRNA levels were comparable in young
nd senescent mouse infarcts.
nhanced post-infarction remodeling in senescent
ouse hearts. In the absence of injury young and senes-
ent mouse hearts exhibited comparable FS and LVEDD
Table 1), suggesting that aging in mice does not affect
ardiac function and chamber dimensions. However,
VM and mean cardiomyocyte cross-sectional area
young sham: 153  6.7 m2 vs. senescent sham:
93.4  20.4 m2, p  0.01) were significantly higher in
enescent animals, indicating the development of aging-
ssociated concentric hypertrophy (Table 1). Echocardio-
raphic and quantitative morphometric studies (Table 1)
emonstrated that senescent hearts exhibited enhanced
ilative and hypertrophic remodeling and worse systolic
ysfunction than young hearts after reperfused infarction.
fter 7 days of reperfusion senescent mice had markedly
igher LVM, LVEDD, and left ventricular end-diastolic
olume than young mice and showed significantly lower
S (Table 1). Although both young and senescent mouse
earts exhibited hypertrophic remodeling after 7 days of
eperfusion, mean cardiomyocyte area was significantly
Figure 2 Macrophage Infiltration in the Infarcted Myocardium
(A to C) Mac-2 immunohistochemistry identified macrophages in young mouse inf
cells peaked after 72 h of reperfusion. (D to F) Macrophage staining in senescen
son of macrophage density in senescent and young mouse infarcts (*p  0.05 vsigher in the remodeling myocardium of senescent in- carcted hearts when compared with young animals (young
days: 270.5  13.5 m2 vs. senescent 7 days: 376.9 
1.37 m2, p  0.01) Enhanced remodeling and in-
reased dysfunction in senescent animals was not due to
ore extensive infarction. No statistically significant
ifference in scar size was noted between young and
enescent animals (Table 1).
enescent mouse cardiac fibroblasts exhibited a
lunted response to TGF-. Upon stimulation with
GF-1, cardiac fibroblasts isolated from young mice
xhibited markedly increased p-Smad2 expression after
-h to 16-h stimulation (Figs. 5A and 5B). In contrast,
broblasts isolated from senescent mouse hearts had a
lunted response to TGF-1, showing no significant
mad2 phosphorylation after 16 h of stimulation (Figs.
C and 5D).
iscussion
xperimental studies have suggested that aging results in
iverse and sometimes contradictory alterations in inflam-
atory mediator expression and release. Aged rats had
ncreased constitutive expression of pro-inflammatory cyto-
ines in the coronary arteries (17). In addition, mononuclear
fter 24 h (A), 72 h (B), and 7 days (C) of reperfusion. Density of Mac-2 positive
e infarcts after 24 h (D), 72 h (E), and 7 days (F) of reperfusion. (G) Compari-
g).arcts a
t mous
. younells isolated from elderly subjects exhibited enhanced che-
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April 8, 2008:1384–92 Effects of Aging on Infarct Healingokine expression in response to lipopolysaccharide (18). In
ontrast, both human and mouse macrophages from senes-
ent subjects had diminished toll-like receptor-1/2 surface
xpression (19,20) associated with significantly lower cyto-
ine synthesis upon stimulation with known toll-like recep-
or ligands. Our findings demonstrated that in comparison
ith young animals, senescent mice exhibited decreased
pregulation of chemokines and cytokines in the infarcted
yocardium and reduced infiltration with neutrophils and
acrophages. Attenuation of the inflammatory response in
Figure 3 Senescent Animals Exhibited Decreased
Myofibroblast Accumulation in the Infarcted Myocardium
Myofibroblasts were identified in young (A) and senescent (B) mouse infarcts
as spindle-shaped -smooth muscle actin immunoreactive cells located outside
the vascular media. (C) Senescent mice had significantly lower myofibroblast
density in the infarcted myocardium than young animals after 72 h of reperfu-
sion (*p  0.05).enescent mouse infarcts resulted in impaired phagocytosis ef dead cardiomyocytes and delayed replacement with gran-
lation tissue (Fig. 1). Decreased phagocytotic activity (21)
nd diminished oxidative response to activating signals (22)
isplayed by senescent macrophages and neutrophils might
ontribute to the impaired clearance of dead cardiomyocytes
n the infarcted myocardium.
enescence is associated with defective reparative fibrosis
f the infarcted myocardium and markedly decreased
ollagen deposition in the scar. Suppressed inflammatory
esponse in senescent mouse infarcts was followed by
ecreased myofibroblast infiltration and reduced expression
f matricellular proteins in the senescent infarcted myocar-
ium. In addition, collagen deposition was markedly atten-
ated in senescent mouse infarcts, resulting in formation of
scar containing loose connective tissue (Fig. 4). Surpris-
ngly, mRNA expression of TGF- isoforms, key regulators
f the fibrotic response (16), was comparable in young and
enescent mouse infarcts (Fig. 4), suggesting that reduced
eparative fibrosis was not due to attenuation of TGF-
ranscription in the infarcted heart. Because of the critical
ole of the Smad2/3 pathway in mediating fibrogenic
GF- responses (23), we hypothesized that defective
brous tissue deposition in senescent infarcted hearts might
e due to an impaired response of aged mouse fibroblasts to
rowth-factor stimulation. Young mouse cardiac fibroblasts
xhibited a robust increase in Smad2 phosphorylation after
timulation with TGF-1. In contrast, fibroblasts isolated
rom senescent hearts showed a blunted response to TGF-
timulation (Fig. 5), suggesting that aging results in im-
aired fibroblast responses to growth factors. These obser-
ations are consistent with previous experiments demon-
trating that the stimulatory effect of angiotensin II on
atrix synthesis is reduced in rat fibroblasts isolated from
enescent hearts in comparison with fibroblasts harvested
rom young hearts (24).
ealing defects in senescent infarcted mice result in
arkedly enhanced adverse remodeling. Both echocar-
iographic and morphometric studies demonstrated that
enescent mouse hearts exhibited markedly enhanced
ystolic dysfunction and increased dilative remodeling
fter infarction (Table 1). This was not associated with a
tatistically significant difference in infarct size, suggest-
ng that enhanced remodeling in senescent hearts was due
t least in part to alterations in the qualitative character-
stics of the scar. The marked decrease in collagen
eposition in senescent mouse infarcts might decrease the
ensile strength of the wound, resulting in increased
ilation and dysfunction. In addition, senescent mouse
earts exhibited markedly increased hypertrophic remod-
ling in comparison with young animals. These findings
uggest that impaired responses of the senescent mouse
yocardium to volume (25) and pressure overload
26,27) might result in persistent elevation of intracardiac
ressures and wall stress, contributing to adverse remod-
ling of the ventricle.
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Effects of Aging on Infarct Healing April 8, 2008:1384–92linical implications of the findings. Our findings iden-
ify significant aging-associated healing defects that might
xplain the accentuated adverse remodeling in senescent
earts. Suppressed post-infarction inflammatory response
esults in delayed replacement of dead cardiomyocytes with
ranulation tissue. Impaired response of senescent fibro-
lasts to fibrogenic growth factors markedly decreases col-
Figure 4 Senescent Mice Exhibited Markedly Diminished Colla
(A and B) Picrosirius red staining identifies the collagen network in young (A) and
lagen deposition in the infarcted area (C). (D) Senescence was associated with s
lar protein osteopontin in the infarcted heart (**p  0.01). (E and F) Defective m
cardiac mRNA expression of transforming growth factor (TGF)- isoforms.
Assessment of Remodeling-Associated Paramet
Table 1 Assessment of Remodeling-Associa
Young Pre Youn
Echocardiography
LVEDD (mm) 3.383 0.080 3.742
LVESD (mm) 1.968 0.052 2.423
FS 0.415 0.139 0.353
LVM 126.1 4.887 140.9
Young Sham Young
Morphometry
LVEDV (mm3) 35.21 1.98 52.48
Scar size (%) 13.2
LVM 126.1 4.887 140.9
You
 (%)
 LVEDD 8.23
 FS 11.46
 LVM 20.49
*p  0.001 versus young pre. †p  0.001 versus young 168 h. ‡p 
FS fractional shortening; LVEDD left ventricular end-diastolic diameter;
end-systolic diameter; LVM  left ventricular mass; Pre  prior to instrumenagen deposition in the scar, resulting in decreased tensile
trength and enhanced ventricular dilation. These defects
ave important implications in the design of novel thera-
eutic targets for the treatment of patients with MI. The
ndings suggest that aging-associated adverse remodeling of
he infarcted ventricle is not due to enhanced inflammatory
njury or increased fibrosis but rather results from a defective
eposition in the Infarct
cent (B) mouse infarcts (arrows). Senescent animals had markedly reduced col-
ntly decreased messenger ribonucleic acid (mRNA) expression of the matricellu-
eposition in senescent mouse infarcts was not associated with a reduction in
arameters
h Senescent Pre Senescent 168 h
68* 3.509 0.062 4.219 0.107†
66* 2.160 0.093 3.114 0.123†
10* 0.385 0.022 0.263 0.014†
45 185.8 10.40* 240.3 6.156†
Senescent Sham Senescent 168 h
‡ 40.12 4.17 72.05 4.69†
17.1 4.04
5 185.8 10.40* 240.3 6.156†
Senescent
0 20.24 3.243§
5 31.62 8.219§
1 29.35 7.656
ersus young sham. §p  0.05 versus young.gen D
senes
ignifica
atrix ders
ted P
g 168
 0.0
 0.0
 0.0
 8.5
168 h
3.53
1.79
8.54
ng
2.20
3.06
5.87
0.01 v
LVEDV left ventricular end-diastolic volume; LVESD left ventricular
tation.
fi
m
i
w
p
d
s
e
t
p
p
p
d
e
i
m
m
i
w
l
i
m
i
o
t
p
c
g
(
s
M
i
m
s
i
i
v
b
v
p
t
l
c
a
i
r
i
A
T
H
R
g
B
1391JACC Vol. 51, No. 14, 2008 Bujak et al.
April 8, 2008:1384–92 Effects of Aging on Infarct Healingbroblast response and impaired formation of the reparative
atrix network, necessary to mechanically support the
nfarcted heart.
These observations suggest that caution is necessary
hen attempting to target the inflammatory cascade in
atients with MI. Although extensive experimental evi-
ence supported the effectiveness of anti-inflammatory
trategies in animal models (28,29), the clinical experi-
nce with selected interventions targeting the inflamma-
ory response in patients with acute MI has been disap-
ointing (30). Animal studies are almost always
erformed in young adult animals, which exhibit a robust
ost-infarction inflammatory response and formation of
ense collagenous scars in the infarcted heart. Although
xperiments in young animals provide valuable insight
nto the mechanisms involved in infarct healing, they
ight not accurately reflect the pathology of MI in
iddle-age or elderly human populations. Thus, the
njurious potential of inflammatory mediators in patients
ith MI might have been overstated, owing to extrapo-
ation from young animals to human patients. Our study
ndicates that aging is associated with decreased inflam-
ation and attenuated collagen deposition in reperfused
nfarcts. In addition, senescent hearts show impairment
f important cytokine pathways providing cardioprotec-
ion to the ischemic heart involving TNF- (31) and
latelet-derived growth factor-AB (32) and have a de-
reased anti-apoptotic response to administration of
ranulocyte-colony stimulating factor and stem cell factor
Figure 5 Senescent Mouse Cardiac Fibroblasts Show a Blunted
(A and B) Transforming growth factor (TGF)-1–stimulated young mouse cardiac fib
activation of the Smad2/3 pathway, which plays an important role in mediating th
cent mouse hearts had a blunted and more transient response to TGF-1 stimulat
sponding C, n  5). GAPDH  glyceraldehyde-3-phosphate dehydrogenase.33) in comparison with young animals. Identification of
Euitable therapeutic targets for treatment of patients with
I is further complicated by species-specific differences
n the inflammatory response between rodents and large
ammals (12), which raise concerns about distinct re-
ponses between mice and humans to selected anti-
nflammatory interventions.
Our study has an important limitation. We did not
nvestigate the effects of aging on the response of the remote
iable myocardium to overload after MI. Thus, the contri-
ution of specific molecular and functional alterations in-
olving viable cardiomyocytes of senescent animals in the
athogenesis of adverse post-infarction remodeling remains
o be elucidated.
Understanding of aging-associated alterations in the cel-
ular responses involved in cardiac repair and remodeling is
ritical for designing therapeutic strategies for patients with
cute MI. Translation of experimental infarction research
nto therapeutic strategies for patients with acute MI
equires extensive knowledge of the effects of senescence on
nflammatory and reparative responses.
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